ABSTRACT
INTRODUCTION
In the UK, the electricity regulator, OFGEM, has put in place a Quality of Supply (QoS) framework aiming to promote the enhancement of the QoS received by customers. This is being achieved through an incentive scheme which rewards or penalises Distribution Netwok Operators (DNOs) relatively to their CI 1 and CML 2 performance. These vary significantly between DNOs and it is important to understand whether inadequate performance results from controllable factors or uncontrollable factors, such as weather, or whether it is a consequence of inherited or inherent factors which are beyond managerial control. Also, in order to gain a better understanding of DNOs' performance, their scope for performance improvement and costs to be incurred to deliver such improvements, it is useful to look at physically similar parts of networks and to compare performance at a more disaggregated level. The rationale for disaggregation is that performance of physically similar parts of networks should be comparable across DNOs. Consequently, there has been increasing interest in developing tools that can support quantitative assessments of alternative DNO investment plans in terms of costs and benefits involved. This is also critical for justifying expenditure associated with improvements in service quality. It is also important for the regulator to understand the value of alternative investment programmes (improvements in customers service) while simultaneously assessing the cost implications. Such a framework would enable network performances to be objectively compared, the differences to be understood and explained, and cost and benefits of alternative distribution network investment strategies to be evaluated. OFGEM has recognised the importance of these ideas and has developed a disaggregation methodology to calculate average benchmark performance levels for each DNO [1] . A more comprehensive disaggregation methodology has been developed as part of an ongoing work based on the concept of "Reference networks" [2] . This work aims to overcome the difficulties associated with the comparison of quality of service performance across DNOs. A fundamental component of the approach is the justification of investments on the network which has been based on the average benefits derived through analysis of reliability models of the network. This is opposed to a purely statistical analysis of historical network performance as it is currently being done. The "Reference networks" methodology, therefore, provides a framework that demonstrates the effectiveness of alternative investment strategies.
VARIABILITY OF QUALITY OF SUPPLY INDICES
OFGEM considers quality of supply to be one of its key priorities in network regulation. The revised quality of supply incentive scheme [3] financially incentivises DNOs with respect to the quality of supply they deliver in terms of number and duration of interruptions to supply per year. The incentive scheme is based on the use of benchmarks to derive performance targets, which are then compared against actual performance. OFGEM has developed a method for calculating benchmarks for CIs and CMLs taking into account inherited and inherent differences in the DNOs' networks. This method involves looking at physically similar parts of networks and comparing performance at a more disaggregated level. Benchmarks are calculated based on similar groups of circuits and take into account DNOs' own customer numbers per circuit and average circuit length. QoS CI and CML benchmarks (HV only) are defined as: (1) and (2) are determined from the analysis of historical data. These simulations considered average component failure rates together with typical repair and switching times. Because of the natural and intrinsic variability of reliability performance indices, the System CI changes from year to year, regardless network developments. Fig. 1 shows typical probability density curves which are only different because the average duration of the observation period (measured in years) was different as well. In other words, the likelihood of next year's performance matching the expected average system performance (black line, CI ≈72) is much smaller than the likelihood of observing that phenomena in the following 10 years (green line, CI≈72). A straightforward consequence of these facts would be their impact on the setting of QoS performance targets. For example, determining the CI benchmarks based on CI performance over one previous year (1 yr), may give erroneous information about the normal performance of the system. It could happen that during the previous year the weather conditions were favourable and CI were lower than the average or contrarily system CI performance could be worse than the average due to less favourable weather conditions. It can also be seen that if the CI benchmark is based on the performance over the previous five years (5 yrs), the range of variability decreases. Generally it was found that the variability of the System CI decreases as the number of years considered increases. The above results show that it is inappropriate to use only real performance for assessing trends and defining benchmarks, particularly over the short term because of the variability. However, these trends can be obtained with a certain degree of confidence from a reliability model of the system.
REFERENCE NETWORKS
The present regulation aims to assure the present performance is improved in the most cost-effective way. The "Reference networks" methodology provides a framework that demonstrates the effectiveness of each alternative investment strategy [5] . The decision-making process associated considers two phases: the strategy and the tactics. The strategy phase is the first phase and it produces high level decisions deciding the overall policy of investment. The second phase, tactics, is responsible for the most appropriate implementation of the decisions made on the first phase. It goes to the level of the circuit or organisational components to be built or modified. The key issue concerning regulation is the strategic phase and the "Reference networks" methodology has acknowledged the importance of this aspect. In a real distribution system every feeder is different in some detail from every other feeder, even if only slightly. It is impractical to make strategic decisions on the basis of a model that includes every single feeder of the system. What is required is a reduced, hopefully greatly reduced, number of typical feeders, with each real feeder being associated with one of these typical feeders. These typical feeders are defined as representative networks, with each representative network (RN) being the best fit to a specific cluster of real feeders. A procedure translates the real network into a number of representative networks, each of which can then be assessed separately. A disaggregation stage is necessary in order to create a limited number of representative networks that can be used to simulate the performance of the real system. A set of disaggregation parameters or attributes is specified, which are considered to be the most significant in determining the performance characteristics of the system. Theoretically there is no limit to the number of these attributes although clearly the process becomes more complex and difficult if the number becomes excessively large. Among other, Prague, The number of groups depends on the number of specified attributes and the number of boundaries of each. This process allocates each of the feeders to one of the groups. Finally, a network that best represents the characteristics of the set of feeders in each group is created (RN). This can be viewed as the average feeder for the group. Each RN is created to simulate the reliability performance of the real feeders.
ASSESSMENT OF VARIABILITY
The methodology described above has been applied to several sub-systems of the DNO under investigation. The one included in this section is large enough to assess the merits of the approach and the impact of variability but small enough to be understandable in demonstrating the techniques. The system consists of 110 UG MV feeders, which includes feeders with over 90% of UG cables. Variability has been defined in terms of coefficient of variation which measures the variability on the values of reliability performance indices relative to the magnitude of their mean. For a reliability performance index with mean μ and standard deviation σ, the coefficient of variation (CV) is defined as CV= σ / μ ×100%. The variability of the reliability performance of the RN for each cluster has been determined using the developed Sequential Monte Carlo Simulation framework. Note that the aim of this paper is not to illustrate the details of the disaggregation process but to assess the impact of variability during this process.
Impact of the number of feeders within a cluster on variability
This analysis aims to quantify the impact of the number of feeders within a cluster on the variability of the reliability performance. The number of feeders allocated to each cluster depends of the number of disaggregation parameters and the number of boundaries of each. The analysis considers a range of disaggregation criterion such that initially each feeder is allocated to one cluster and progressively moves towards a criterion where all feeders are included in the same cluster. Fig. 2 depicts the variability of the CI (variability of CML follows a similar behaviour) for different numbers of feeders within a cluster, which corresponds to different disaggregation criterion. If a disaggregation criterion is set to a number of parameters and boundaries such that the number of feeders in each cluster equals one then the total number of clusters equals the total number of feeders under assessment. Even though such meticulous criterion allows the assessment of the performance of each individual feeder individually, it distorts the underlying objective of representative networks, which is to represent the overall system with a reduced number of typical feeders. Variability of CI is not improved by such detailed criterion as can be seen in Fig. 2 , since the variability of CI within a cluster with only one feeder is worse than the cluster containing a higher number of feeders. It can be seen that the variability of CI decreases with the increase of the number of feeders within a cluster. However, one should not be mislead by the possibility of smaller variability at the expense of a higher number of feeders within a cluster. Although having 110 feeders in the same cluster would produce the lowest CI variability, information that helps understanding the differences in feeders' performances based on their physical characteristics would be lost, which is contrary to the overall aim of the disaggregation process.
Variability of reliability performance indices should therefore be taken into account when assessing the reliability performance within a cluster. Additionally, it could also be used during the process of deciding the number of disaggregation parameters and boundaries.
Impact on variability of the average length of the feeders within a cluster
In order to understand and quantify the relationship between reliability performance variability and some of the disaggregation parameters, further analysis has been carried out. The first disaggregation parameter to be investigated was the length of feeders. The purpose of the analysis was to understand how the variability of the reliability performance indices within a cluster would change if the length of the feeders within that cluster varied. The results shown in the figure above help to compare the variability of the reliability performances of clusters A and B. Both clusters embrace the same number of feeders all of which with identical characteristics apart from their length, which is five times higher, on average, for those in cluster B than in cluster A. It can be seen that the variability of CI for cluster A is higher than the variability for cluster B which contains the same number of feeders with identical characteristics, such as density of customers, number of normally open points, but lengthier. For example, the CI variability of a cluster A with twenty feeders is 44.8%, whereas CI variability within cluster B with (lengthier feeders) is reduced to 20%. The disaggregation parameter feeders' length has therefore a substantial impact on CI variability as it was found that lengthier feeders have smaller variability comparatively to shorter ones. It was also found that variability of CML follows a similar behaviour.
Impact on variability of the average number of customers of the feeders within a cluster
An analysis was also carried out in order to assess the impact of the disaggregation parameter "feeder's number of customers" on the variability of reliability performance indices. It was found that two clusters containing the same number of feeders with identical characteristics apart from customer density would produce the same level of variability for CI and CML. The results of the analysis are depicted in Fig. 4 . It can be seen that the grouping of feeders on the basis of their customer density does not produce any impact on the variability of CI performance (CML follow an identical behaviour) during their subsequent analysis.
CONCLUSIONS
The analysis reported in this paper enables a comprehensive characterisation of the reliability performance of a distribution system by introducing techniques which help to assess its stochastic behaviour. On the one hand it enables the estimation of the natural variability of distribution systems as a function of the number of years of observation. Within the context of performance based regulation this is important to assess historical performance and to compute dead bands. On the other hand, it provides the means to incorporate risk analysis (measured in terms of a coefficient of variation around expected performances) when considering investment scenarios for groups of feeders of different characteristics, particularly within the framework of Reference Networks. This has been demonstrated using a Sequential Monte Carlo Simulation approach. The analyses described above have shown that the variability of reliability performance indices does vary with some disaggregation parameters. It has also been demonstrated that the developed Sequential Monte Carlo Simulation framework can successfully be used to assess the variability of reliability performance indices within the context of the disaggregation methodologies described. It is beyond the aim of this research to assess the impact of all disaggregation parameters on variability and is therefore proposed as future work. Mainly, the above analyses emphasise the need for reliability models of the system to be used as opposed to relying only on variable historical network performance as is currently being done by OFGEM.
